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The effects of La on the glass-forming ability (GFA) of a Sm-based alloy were investigated. By partial
substitution of Sm with La in (Smgg2Alp14Nio12Cuo12)97Fes (at.%) alloy, of which the critical diameter
for glass formation is 3 mm, (Smyg 32Lap3Alp.14Nig.12Cug 12 )o7Fes glassy rods with a diameter up to 10 mm
can be fabricated by copper mold casting. The configuration entropy and critical cooling rate of the
Sm-La-Al-Ni-Cu-Fe alloy were calculated. It is indicated that the configuration entropy is increased
and the critical cooling rate is decreased with the addition of La, implying that the La-containing alloys
exhibit higher GFA than that of the La-free Sm-Al-Ni-Cu-Fe alloy. Moreover, with the addition of La, the
Sm-based alloys exhibit reduced Gibbs free energy between the liquid phase and the crystalline phase
in the supercooled liquid region and stronger liquid behavior, which are also beneficial to the enhanced
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1. Introduction

Rare earth metal-based (RE-based) bulk metallic glasses have
attracted extensive attention because of their high glass-forming
ability (GFA) and novel physical properties, such as special mag-
netic properties and superplasticity in supercooled liquid region
[1-4]. Previous work has preliminarily demonstrated that in con-
trast with crystalline counterparts, Sm-based metallic glasses have
higher coercivity at low temperature and may be utilized for syn-
thesizing superconductor materials [5]. However, the reported
Sm-based alloys show limited GFA, and the maximum diameter
was only 3-4 mm for the Sm-based bulk metallic glasses (BMGs)
[6,7]. Therefore, developing Sm-based BMGs with better GFA is of
great importance in science and application of BMGs.

It is known that there should be large atomic size difference and
negative heats of mixing among the main constituent elements,
which can be defined as dissimilar elements, in good glass-forming
alloys [8,9]. During the last decade, many RE-based BMGs with
critical diameter in centimeter scale which satisfy this composi-
tional criterion have been discovered [1-4]. Recently, we found
that the GFA of some glassy alloys consisting of dissimilar ele-
ments can be improved when the elements with similar atomic
sizes and electronic configuration to those of the components are
added. Using this new approach of the coexistence of similar and
dissimilar elements, we have successfully synthesized many BMGs
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with superior GFA, e.g., the critical diameter of La-Ce-Al-Co-Cu
BMGs reaches up to 32mm [3,10,11]. Our previous work on
the glass formation of (SmggyAlg14Nig.12CU0.12)100-xFex (at.%)
alloys revealed that the critical diameters of SmgyAl14Nij2Cuysy,
(SmgzAl14Niq2Cuz)og7Fes3 and (SmgpAli4Nij2Cuz)ogsFes BMGs
are 1, 3 and 2mm, respectively, indicating that the GFA of
Smg,Al14Niq2Cuy; alloy could be enhanced by suitable addition of
Fe. To develop Sm-based BMGs with superior GFA, in this paper, we
chose (SmgAl14Ni2Cuqy)g97Fes as base alloy, and add La as a simi-
lar element to partially substitute Sm in (SmgyAl14Ni12Cuqy)o97Fes
alloy. The effects of La on the GFA of (SmgyAl14Nij2Cuqy)g97Fes3
alloy are investigated. The origins of the excellent GFA enhanced
by La substitution are also systematically investigated from ther-
modynamic and kinetic aspects.

2. Experimental

(Smge2-xLaxAlg 14Nig12Cug 12 )97 Fes (x=0,0.15 and 0.3 at.%) ally ingots were pre-
pared by arc-melting the mixtures of pure Sm (99.9 mass%), La (99.9 mass%), Al
(99.99 mass%), Ni (99.99 mass%), Cu (99.99 mass%) and Fe (99.99 mass%) metals in
a high-purity argon atmosphere. The ingots were remelted at least three times to
insure their chemical homogeneity. From the master alloys, cylindrical rods were
fabricated by copper mold casting under a high-purity argon atmosphere. Cross sec-
tions of the as-cast rods were examined by X-ray diffraction (XRD) using a Rigaku
D/max 2200 pc automatic X-ray diffractometer with Cu Ko radiation to study the
structure. The (Smg32La3Alo.14Nip.12Cug.12)97Fes glassy alloy with a diameter of
10 mm was observed with JEM-2100F transmission electron microscope (TEM) at
an operating voltage of 200 kV. The thermal stability associated with glass transi-
tion, supercooled liquid region, crystallization and melting behavior was examined
by NETZSCH DSC 404C differential scanning calorimetry (DSC) at a heating rate of
0.33K/s. The apparent activation energies of the first-stage crystallization and the
fragility indexes of these glassy alloys were also studied by the DSC at the heating
rates ranging from 0.083 to 0.83 K/s.
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Fig. 1. XRD patterns of (Smgs2-_xLaxAlgp.14Nip12Cug 12 )97Fe3 (x=0, 0.15 and 0.3) cast
rods of 10 mm in diameter.

3. Results and discussion

XRD patterns of the as-cast (Smg g_xLaxAlg 14Nig 12Cug 12 )g7Fe3
(x=0, 0.15 and 0.3) alloys (denoted as SLO, SL15 and SL30, respec-
tively, for convenience in the following text) with a diameter of
10 mm are shown in Fig. 1. The diffraction peaks corresponding to
crystalline phases can be observed for the SLO and SL15 alloys. How-
ever, SL30 alloy with a diameter of 10 mm exhibits broad diffraction
maxima without crystalline Bragg peaks, which is characteristic for
glassy alloys. In addition, the high-resolution transmission elec-
tron microscope image (HRTEM) (Fig. 2) of the SL30 sample with a
diameter of 10 mm shows no distinguishable crystallites. The cor-
responding selected area electron diffraction (SAED) pattern (as
shown in the inset of Fig. 2) exhibits only a halo ring, which is inher-
ent to a glassy phase, confirming that the SL30 sample of 10 mm

Fig.2. HRTEM image and SAED pattern (inset) of SL30 cast rod of 10 mm in diameter.
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Fig. 3. DSC traces of (Smo_sz,XLaxAlo_MNio_]zCLI[)_12)g7F83 (X=0, 0.15 and 03) BMG
with the critical diameters.

in diameter consists of glassy structure. Moreover, we have con-
firmed that the critical diameters of SLO and SL15 BMGs are 3 and
5 mm, respectively. These results indicate that the addition of La
considerably enhances the GFA of the Sm-based alloy.

The DSC traces of SLO to SL30 BMGs with the critical diame-
ters are shown in Fig. 3. Glass transition followed by supercooled
liquid region and several crystallization peaks can be observed
on the curves. The glass transition temperature (Tg), onset tem-
perature of crystallization (Tx) and melting temperature (Tpy,)
determined from the DSC traces as well as the supercooled lig-
uid region (ATx =Tx — T¢) and reduced glass transition temperature
(Tyg=Tg/Tm) are listed in Table 1. It has been proposed that for a
given alloy system, the increase in ATy and Tz may reflect the
enhancement in GFA [12-14]. In the present study, the highest
ATy value of SL30 metallic glass can give a good explanation for
the difference in GFA between SLO and SL30 alloys. It is noted
that the criterion Ty is not effective for evaluating the GFA of the
Sm-La-Al-Ni-Cu-Fe BMG alloys.

The critical cooling rate (R.) estimated by theoretical calculation
is an ideal parameter employed for the explanation of GFA [15,16].
That is, alloys with higher GFA always have lower critical cooling
rate. In accordance with the classical crystallization theory, the R
of metallic glasses can be represented as [15]:

., ksT2 AH — Ty ASideal TmSo
Re=2 G &P |1 300K e (300R> M

where Zis a constant, taken as 2 x 105, kg the Boltzmann constant,
a the average interatomic distance, 1 the viscosity, AH the mixing
enthalpy of the system, ASideal the ideal configurational entropy,
Ss the mismatch term of entropy and R the gas constant. By the
method of least-squares, f; and f, were calculated to be 0.75 and
1.2, respectively [15].
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Table 1

Glass transition temperature (Tg), crystallization temperature (Tx), supercooled liquid region (AT, =Ty — Tg), melting temperature (T, ) and reduced glass transition temper-
ature (Tyg =Tg/Tm ) for (Smos2-xLaxAlp.14Nio.12Cuo.12)100-xFex (x=0, 0.15 and 0.3) metallic glasses with their critical diameters taken from the DSC traces measured at a heating

rate of 0.33K/s.

Alloy T, (K) Ty (K) ATy (K) Tm (K) Tog = Tg/Tm
(Smo_62A10_14Ni0_12CUO_12)97F€3 482 513 31 787 0.61
(SlTloA47 Lag.15Alo.14Nig.12Cug 12 )97 Fes 474 509 35 743 0.64
(Smg32La0.3Alp.14Nig12Cug 12 )97 Fes3 450 501 51 720 0.62

According to the regular solution model, AH and ASideal are
defined as Egs. (2) and (3) for the multi-component systems with
N elements [15]:

N
AH = Z .Q,'jC,'Cj (2)
i=1,i#j

Asideal _ —RZ(C,- Ing;) (3)

i=1

where R is the gas constant, ¢; the mole fraction of i, 2;; the regular
solution interaction parameter between i and j elements, and can
be calculated as:

2y = AAHT (4)

The relation is due to definition in Eq. (2) at the equal-atomic
composition in a binary A-B system and AHREX is the mixing
enthalpy of the binary A-B system. In the present study, as La
and Sm are similar elements with similar atomic size and chemi-
cal properties, £2;; and AH are nearly the same for SLO, SL15 and
SL30 alloys according to Eqgs. (4) and (2). Comparing with SLO
alloy, it is reasonable to assume that SL15 and SL30 alloys pos-
sess similar values of a, nr_r,, and Sg. Therefore, Ty, and ASideal
could be treated to be the primary factors resulted in the dif-
ference in R among SLO, SL15 and SL30 alloys. From Table 1, it
is seen that the Ty, decreases with the increase in La content in
(Smg g2_xLaxAlg 14Nig 12Cug 12 )97Fes alloys. The ideal configuration
entropy calculated from Eq. (3) increases with La content increas-
ing from 0 to 0.3. Consequently, the R decreases with the addition
of La, indicating that the La-containing alloys have higher GFA than
the La-free Sm-based alloy, which is in agreement with the exper-
imental results in the present work.

It is known that in a specified alloy system, a smaller Gibbs free
energy difference (AG) between liquid and crystal phases in the
supercooled liquid region appears to be a contributing factor to
the higher GFA [17,18]. It has been reported that the AG can be
calculated using the following formula according to ref. [17]:

AG = A’;f“ A [AT—Tln (TT"‘)} (5)

m

where AHg is the fusion enthalpy, AT equals to Ty — T, ACp the
difference in the specific heat capacities between liquid and crystal
phases, ASgequals to AH¢/Ty, and T the proportionality coefficient,
usually taken as 0.8 for metallic glass-forming liquids [17,18].

At 0.8Tn, which is a temperature for T used in the previous
research [18], AG can be represented as:

AG = 0.1828 AHy (6)

AG is calculated to be 1.58 and 1.39 kJ/mol for SLO and SL30 alloys,
respectively. Thus the lower Gibbs free energy difference between
the liquid and crystalline phases in the supercooled liquid region
induced by La addition may reflect the enhanced GFA.

In order to examine the thermal stability associated with crys-
tallization kinetics for the Sm-La-Al-Ni-Cu-Fe glassy alloys, the
apparent activation energies of the first-stage crystallization under

continuous heating conditions are estimated by the Kissinger equa-
tion [19-22]:

T2 AE
In Q=R +A (7)
where Q is the heating rate, AE the apparent activation energy for
the first-stage crystallization, T the peak temperature of the first-
stage crystallization and A constant. By plotting In(T2/Q) versus 1/T,
an approximately straight line with a slope of AE/R can be obtained
and so that AE can be calculated. Fig. 4 shows the Kissinger plots for
SLO, SL15 and SL30 metallic glasses, from which the crystallization
activation energies of these three metallic glasses are determined
to be 217.4, 163.2 and 151.9 kJ/mol, respectively.

According to Angell, glasses can be largely classified into two
groups: strong glasses and fragile glasses [23].In general, the strong
glasses exhibit smaller change in viscosity during heating than the
fragile glasses, indicating that the stronger glasses have more dense
packed structure [23]. The fragility of a glass can be described by
a Vogel-Fulcher-Tamman (VFT) relation and can be quantitatively
assessed by the fragility index m. Generally, BMGs exhibit analo-
gous m values in the range of 25-60 and smaller m means stronger
bonding nature of atoms in the liquid and higher GFA for the sys-
tems with nearly the same T;¢ values [24,25].

In the present study, the dependence of the glass transition tem-
perature on the heating rate Q is evaluated in terms of the VFT
equation expressed in the form [26,27]:

DT,
InQ =InB - T,—To

(8)

where Ty is the asymptotic value of Tg, usually being approxi-
mated as the onset of glass transition in the limit of infinitely slow
cooling/heating rate, D the fragility parameter and B an adjustable
parameter. The fitting of the experimental data shown in Fig. 5 is
performed based on the Eq. (8) with three adjustable VFT param-
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Fig. 4. Kissinger plots of the DSC data for (Smgg2_xLaxAlg 14Nig12Cug.12)97Fes (x=0,
0.15 and 0.3) BMG with a diameter of 2 mm.
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Fig. 5. Glass transition temperature (Tg) vs. In(Q) for the
(Smoe2-xLayAlp14Nig 12Cup 12)o7Fes (x=0, 0.15 and 0.3) BMG with a diameter
of 2 mm.

eters: B, D and Ty. Using the VFT fitting parameters, the fragility
index m at the given Tg can be calculated by the following relation
[26,27]:
me — Dlole Tozg 9)
(Tg —To)"In10

According to Eq. (9), the fragility index m of SLO alloy equals to
33.1, higher than 31.6 of SL15 alloy and 30.8 of SL30 alloy, indicating
that the fragility index decreases with the addition of La. There-
fore, the stronger liquid behaviors and more random packed atomic
structures with relatively small amount of free volume and stronger
chemical short-range ordering also contribute to the enhanced GFA
of the Sm-La-Al-Ni-Cu-Fe alloys by the addition of La.

4. Conclusions

By  partial substitution of Sm  with La in
(Sm0.62_xLaXA10.14Ni0.12CUQ]Z)97Fe3 (X=0, 0.15 and 03) alloys,
the GFA is enhanced. Sm-rich (Smo_32Lao_3Alo.14Ni0.12CuO_12)97F€3
glassy rod with a diameter up to 10 mm can be fabricated by

copper mold casting. With the increase in La content in the range
of 0<x<0.3, the ideal configuration entropy of the alloys is
increased and the critical cooling rate is decreased, indicating
the enhancement of the GFA. Moreover, with the addition of La,
the Sm-La-Al-Ni-Cu-Fe alloys exhibit reduced Gibbs free energy
between the liquid phase and the crystalline phase in supercooled
liquid region and lower fragility index, which are also beneficial to
the glass formation.
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